This paper describes a method for measuring the temperatures of all regions of an intact leaf by using an infrared scanning thermometer at wavelengths between 8 and 14 micrometers combined with a digital image processing system. Pictures obtained every 2 minutes from leaves of sunflower (Helianthus aanuus L. cv Large Russian) plants subjected to increasing water stress showed that water deficit develops first at the margins of leaves, accompanied by stomatal closure and increase in temperature. Finally, the temperature of the entire leaf rises 3 to 5°C above that of nonstressed leaves. When transpiration resumed, it did so first at the leaf margins and these proceeded nonuniformly inward. Experiments with this equipment indicate that in well watered leaves the pattern of leaf temperature is closely related to the stomatal aperture patterns over the leaf surface as observed with a scanning electron microscope (1 1). When stomata were kept open by treatment with kinetin, variation in temperature over the leaf surface declined (8); but, when the stomata were closed with ABA, variation in temperature across the leaves increased (10). The next step was to quantitate dynamic variations in leaf water status and temperature of all parts of an entire leaf during increasing water stress.
A number of methods have been used to measure plant water status under several stress conditions (14) . These include measurements of leaf water content, relative water content, and leaf water potential by means of the pressure chamber and the psychrometric methods (2) . Stomatal aperture generally is measured by porometers (13) . The drawback, however, is that there is no satisfactory method of monitoring changes in leaf water status of all parts of a leaf blade. Localized water deficits may well foreshadow the necrosis and localized spotting often observed following imposition of stress.
It was reported by Slavik ( 18) that the rates of photosynthesis and respiration were significantly higher at the base than at the tip of tobacco leaves, and the osmotic potential was lower. Rawlins ( 17) also observed differences in water status in various parts of large leaves. Differences have been noted as well in basal, mid-, and distal segments of maize leaves (15) . Only a few attempts have been made to measure variations in temperature across a leaf. The observed differences have been attributed to differential transpiration rates (4 Leaf temperature can be measured continuously and nondestructively with IR thermometers (5, 19) . Distributional patterns of surface temperature also can be measured with a scanning IR thermographic camera (3) and by IR thermography (16) . De- scribed herein is an improyed method that permits nondestructive monitoring of temperature changes over an entire leaf. This is done by means of an IR mechanical scanning camera connected to an image interface and a computer that processes the signals to produce a thermal picture of a leaf (7, 1 1) . If desired, a complete scan be made every 2 s.
Experiments with this equipment indicate that in well watered leaves the pattern of leaf temperature is closely related to the stomatal aperture patterns over the leaf surface as observed with a scanning electron microscope (1 1). When stomata were kept open by treatment with kinetin, variation in temperature over the leaf surface declined (8) ; but, when the stomata were closed with ABA, variation in temperature across the leaves increased (10) . The next step was to quantitate dynamic variations in leaf water status and temperature of all parts of an entire leaf during increasing water stress.
MATERIALS AND METHODS
Sunflower (Helianthus annuus L. cv Large Russian) plants were grown in a greenhouse for about 40 d following germination. Then, the plants were placed in a growth chamber (Koitotron, KGS-1, Japan) and kept at 25 ± 0.1°C and 50 ± 2% RH and irradiated with 570 uE m 2 s-' of fluorescent light (I 10 w x 32) supplemented with incandescent light (150 w x 8) for 12 h/ d. After 4 d under these conditions, the plants were considered acclimated. Actual rates of transpiration were 0.4 to 0.7 x 10-' g-cm 2s-' and stomatal conductance was 0.5 to 2.7 cm*s'.
The fifth leaf of acclimated plants was used for measurement. A well watered plant served as the 'control.' To cause water stress, 40% of the root system of a previously measured control plant was removed and the plant was placed in the dark. Two h later, the light was turned on and new measurements made. Such plants are referred to as 'root pruned.' To avoid possible confounding effects by soil, a hydroponic system was used. The temperature of the nutrient solution (Minerap, Sumitimo Chemical Co., Japan) was kept at 24.9 to 25.80C. Net CO2 uptake was measured by an IR analyzer of the differential type (Hitachi- The thermographic camera (JTG-MD, Japan) was mounted on a mechanical scanner based on a moving mirror. It has a field of 10 x 10 cm. The signals were fed to a computer (MELCOM70: core, 64kbytes; disc, 5Mbytes; and magnetic tape; Japan) through an image interface (7) . Two s is enough time to obtain one picture composed of 256 x 240 picture elements, and 4 s are required to store in information on the disc via the image interface. Each picture element has 8 bits and the resolution of the thermographic camera is 0.05°C. Therefore, the integrated accuracy of one picture element in the system is guaranteed to be no less than 0.1 C. Figure 1 shows the system used for measurement and control in this research. It consists of the image processing system for measuring the pattern of leaf temperature distribution (7) , a scanning electron microscope to measure stomatal aperture (1 1), a system for the measurement of photosynthesis, and a computer controlled environmental system for the leaf cuvette and root (9) .
Following turning on of the light over a well watered plant, the average temperature was obtained with the IR thermometer. Net CO2 uptake was measured with the CO2 analyzer with continuous telemetry. Changes of the surface temperature with time over a whole leaf were obtained by the image processing of discrete pictures. Figure 2 shows the responses of a Control and Root-pruned sunflower plant when the light was turned on. The upper part of Figure 2 shows the time course of the average leaf temperature measured on a 30 mm diameter sub-area of a whole leaf. The lower part of Figure 2 shows the time course of net CO2 uptake. The time points in the chart shown as D and a to g for the Control, and D' and a' to g' for the Root-pruned plant give the leaf temperatures obtained with the image processing system.
RESULTS AND DISCUSSION
The initial water status of the leaves of the Control and the Root-pruned plants was similar, because the plants had been well watered and kept in darkness before turning on the light. The average leaf temperatures in both instances were observed to be equivalent to the surrounding air temperature of 25°C. When the plants were exposed to light (570 ,E m-2 s-') after they had been kept in the dark for 12 h, the temperature of both leaves rose at first because of a sudden gain in radiant energy (6) . Later, at a or a', the temperature began to fall as transpiration increased following stomatal opening (1, 10, 12) . However, transpiration later reached a plateau and leaf temperature ceased to fall at c and c'. In the Control, leaf water deficiency soon disappeared and during the next 100 minutes, the leaf temperature fell about 0.3°C (d-g). In contrast, in the Root-pruned plant, leaf temperature continued to rise after the 15 min point because transpiration was insufficient to reduce leaf temperature. At e' (about 24 min), the leaf temperature began to fall, but after f' (about 32 min), it slowly rose again.
The lower part of Figure 2 shows CO2 uptake. In the Control, net CO2 uptake began to increase as the leaftemperature changed through a, b, and c. and reached a constant rate after about 10 min. This is an expected response if the stomata are fully open. In contrast, in the Root-pruned plant there was a decrease in net CO2 uptake at c', presumably because of stomatal closure caused by water deficit as indicated by observations reported by Hashi- 28.50C or under 24.10C. In the Control, the leaf temperature at D seems to be nearly uniform over the entire leaf and at a, the upper part ofthe leaf is displayed in black, so the leaftemperature of these areas is over 28.5°C as shown at point a and a' on Figure  2 , while the leaf temperature in the lower part is under 27.8°C. At b, the leaf temperature of the lower part fell below 26.6°C. At c, the minimum leaf temperature, the temperature of the entire leaf was below 25.40C. From c to f, the distributional pattern of leaf temperatures did not change significantly. At g, the temperature of almost the entire leaf was below 24.80C. In contrast, in the Root-pruned plant, distributional patterns of leaf temperature from c' to f' were quite different and more complex than those in the Control.
In order to follow changes in leaf temperature patterns under water stress in greater detail, we obtained images every 2 min from the starting point of c', over a 22 min time span (Fig. 4) . The distributional pattern of c' shown in Figure 3 corresponds to that of 1 shown in Figure 4 ; similarly, d' corresponds to 3, e' to 6, and f' to 10, respectively. For example, information about time course changes in leaf temperature from c' to e' in Figure   3 can be obtained in detail from examining frames from 1 to 6 in Figure 4 . It is especially clear from frames 2, 3, 4, and 5 of Figure 4 that there is a progressive increase in leaf temperature from the edge inward. These findings can be interpreted to mean that a water deficit develops initially at the edge of the leaf, resulting in stomatal closure and a decrease of transpiration with a concomitant rise in temperature.
Next, changes in distributional pattern of leaf temperature from e' to f' can be followed by examining the frames numbered 6 to 10 in Figure 4 . Frames 6, 7, and 8 show that leaftemperature decreased from near the edge of leaf as transpiration began to increase following an increase in leafwater content. From frame 10 onward, it seems that only the central parts ofthe leafadjacent to the main veins were maintained at a lower temperature. Apparently, stomatal closure, caused by a water deficit, prevailed in almost all parts of the leaf except in the central sector.
These data show that significant differences arise in temperature patterns over the whole leafduring the development ofwater stress. Thus, stomatal aperture and transpiration by a single leaf may show considerable variation within a short time span. This suggestion is supported by other observations reported by Hashimoto et al. (I 1) , where the close relationship between stomatal aperture and leaf temperature was obtained by using the image processing system linked to a scanning electron microscope for 30 stomata in each sampled piece of well watered normal tobacco. Therefore, when the water status of a plant is to be measured, it is very important to decide where samples are to be taken for the psychrometer or where the sensing part of porom- eter is to be attached and to be consistent in sampling procedures.
Furthermore, this method is expected to be useful not only in determining short-term plant response under water stress but also in estimating plant responses under many other stresses, such as those described by Treshow (20) .
